Lysophosphatidylcholine at concentrations of 30 micromolar stimulated the rate of MgATP-dependent Hf-accumulation in oat (Avena sativa L. cv Rhiannon) root plasma membrane vesicles about 85% while the passive permeability of H was unchanged. Activation was dependent on chain length, degree of saturation, and head group of the lysophospholipid. A H+-ATPase assay was developed that allowed the simultaneous measurement of proton pumping and ATPase activity in the same sample. ATP hydrolysis was also stimulated by lysophospholipids and showed the same lipid specificity, but stimulation was only about 25% at 30 micromolar. At higher concentrations of lysophosphatidylcholine the ATPase activity in a latency-free system could be stimulated about 150%. The enzymic properties of proton pumping and ATP hydrolysis were otherwise identical with respect to vanadate sensitivity, Km for ATP and pH optimum. The stimulatory effect of lysophospholipids suggests that these compounds could be part of the regulatory system for plant pla-a membrane H+-ATPase activity in vivo.
The plant plasma membrane H+-ATPase is an electrogenic proton pump using ATP as an energy source to export protons from the cytoplasm across the plasma membrane to the apoplast. The activity of the H+-ATPase builds up an electrochemical gradient, which in turn is believed to drive the transport of nutrients into the plant cell (6, 17) . The acidification of the cell wall may also cause the loosening required for cell enlargement (11) . In addition to controlling nutrient uptake and growth the plant plasma membrane H+-ATPase itself is thought to be activated by plant hormones, but the mechanism of regulation is unknown (1 1, 14) .
We have recently shown (8) that the plant plasma membrane H+-ATPase is modulated by the cleavage products of an endogenous phospholipase A that hydrolyzes PC2 to lyso-PC and free fatty acids in the plasma membrane. In the present communication, we demonstrate for the first time that lyso-PC also stimulates ATP dependent proton accumu- ' Supported by grants from the Danish Agricultural and Veterinary Research Council, and Danish Natural Science Research Council, the Nordiska Ministerridets Forskarstipendier, the Danish Research Academy (M. G. P.), and the Swedish Natural Science Research Council (M. S.).
2Abbreviations: PC, phosphatidylcholine; lyso-PC, lysophosphatidylcholine; BTP, 1,3-bis(tris(hydroxymethyl)-methylamino)propane. lation in plant plasma membrane vesicles. We suggest that the formation of an activating lipid is a possible mode for regulation of the plasma membrane H+-ATPase.
MATERIALS AND METHODS

Plant Material
Oat (Avena sativa L. cv Rhiannon) was grown hydroponically in the dark for 8 d (16) .
Plasma Membranes
Plasma membranes were purified from a microsomal fraction (10,000-30,000 g pellet) of oat roots in an aqueous polymer two-phase system (16) (Fig. 1) . The acridine orange signal was abolished by nigericin (0.1 Mug mLU') ( Fig. 1) , which catalyzes the electroneutral exchange of protons for potassium (9) , the nonspecific ionophore gramicidin (1 MAg mLU'), and the permeant base imidazole (5 mM imidazole-BTP, pH 7.0). Proton pumping was stimulated by permeable anions (NO3-> Cl-»> S42 at 50 mM K+) and at 140 mm KCI intravesicular proton accumulation was stimulated three-fold by the K+-ionophore valinomycin.
ATP hydrolysis was measured either by quantification of released inorganic phosphate or in a coupled assay where ATP hydrolysis was coupled to oxidation of NADH. Since the absorption spectra of acridine orange and NADH are not overlapping, it was possible to measure H+-pumping and ATP hydrolysis simultaneously in the same cuvette (Fig. 2) .
Proton pumping and the hydrolysis of ATP were catalyzed by the same enzyme as based on the following observations: (a) Both the proton pump and the ATPase were inhibited by Na3VO4 (Ki = 10 AM at 100 ,g protein mLU'), an inhibitor of the plant plasma membrane H+-ATPase ( (Fig. 4) ; (d) an acidic pH optimum of pH 6.5 was observed for both the proton pump (Fig. 5 ) and the ATPase (8) . These data are consistent with the previous findings that inside-out vesicles of plant plasma membranes accumulate H+ ions through an electrogenic H+-ATPase (17) . Inside-out vesicles constitute >30% of the plasma membrane vesicles isolated from oat roots by two-phase partitioning (5), and equals 50% after Concentration, pg ml-, Figure 6 . aration where no latent ATPase activity could be demasked by the detergents digitonin, Triton X-100, or SDS (Fig. 6) . Incubation of membranes with SDS has been reported to cause fragmentation and disappearance of the vesicular structure of the plasma membranes (4) . Addition of the natural detergent lyso-PC to such a latency-free system produced about 150% activation of the ATPase activity (Fig. 6) . Addition of 30 Mm palmitoyl 16:0 lyso-PC to plasma membrane vesicles markedly increased (nearly twofold) the rate of MgATP dependent acridine orange absorbance quenching (Fig. 1) . Since the absorbance change was also sensitive to nigericin, the lysophospholipid apparently stimulated H+-uptake through H+-ATPase. The rate of ATP-hydrolysis, measured as Pi released (Fig. 7A) or with a coupled enzyme assay (Fig. 8B) , was stimulated to a lesser degree by 30 ,uM palmitoyl lyso-PC but further addition of lyso-PC continued to stimulate the activity (Fig. 7A) . These data suggest that the apparent inhibition of proton pumping above the optimal concentration 30 Mm (Fig. 7) is not due to inhibition of H+-ATPase activity, but is due to induced leakage of the plasma membranes to protons. At assay conditions where the stimulation of the ATPase activity by lyso-PC are maximal the Km for ATP and the pH optimum of the H+-ATPase are altered (8) , but at 30 ,M lyso-PC the affinity for ATP (Fig. 4) and the pH dependency (Fig. 5) for both proton pumping and ATP hydrolysis were not found to be significantly changed. This suggests that the lipid effect at a low lysophospholipid to protein ratio is only an effect on Vmmax.
Lipid Specificity Various lysophospholipids were tested for their ability to stimulate the rate of MgATP-dependent H+-uptake in the oat plasma membranes using the H+-ATPase assay. The stimulation was dependent on the length of the fatty acyl chain, with maximum stimulation obtained with palmitoyl 16:0 lyso-PC (84 ± 7%) and oleoyl 18:1 lyso-PC (85 ± 1%), whereas short-chain lyso-PC produced minor effects (Fig. 8A) . Alteration of the head group of oleoyl 18:1 lyso-PC to phosphatidylethanolamine or phosphate (lysophosphatidic acid) reduced its effect by 28 and 43%, respectively (Fig. 8A) . The stimulation of ATPase activity by lysophospholipids showed the same relative dependency on chain length and head group, but stimulation was always about one-third of the stimulation of proton accumulation (Fig. 8B) ( 10) . In the presence of cholate only lyso-PC, and not PC, stimulated H+-accumulation (Fig. 7B) . The final concentrations ofcholate were well below the critical micelle concentration, which is in the millimolar range, and cholate itself only slightly reduced the rate of acridine orange absorbance quenching (Fig. 7B) . ATP dependent proton accumulation was almost doubled in zucchini microsomes when 1-0-alkyl-2-acetyl PC, platelet activating factor, and a supernatant fraction were included in the assay (I13). The plasma membranes used in our experi-ments were extensively washed and only a minor effect of 1-O-alkyl-2-acetyl PC was observed (data not shown), while 1-0-alkyl lyso-PC, consisting of a mixture of chain lengths, stimulated proton accumulation to almost the same degree as palmitoyl lyso-PC (Fig. 8) . This suggests the possible involvement of a lipase in the supernatant dependent action of 1-0-alkyl-2-acetyl PC.
Effect of Proteases or Lipases
Homogenization in a medium devoid of PMSF, EDTA, albumin, and casein resulted in a plasma membrane fraction in which ATP-dependent proton accumulation could not be reproducibly stimulated by lyso-PC. When plasma membranes were isolated in the presence of the above mentioned protease protectants and when PMSF, EDTA, and casein were present in the H+-ATPase assay, a consistent 80 to 100% activation of the proton pumping activity by long-chain lysophospholipids was observed. In addition to inhibit metalloproteinases EDTA may also have an inhibiting effect on lipases. Albumin binds fatty acids which may act as uncouplers. Both a phospholipase A, which generates lyso-PC and fatty acids, and an lysophospholipase, which deacylates lyso-PC, are known to be present in the oat plasma membranes (8) .
Mechanism Behind the Lipid Effect
In principle, proton accumulation in membrane vesicles could be stimulated in several ways. The influx of protons could be increased by either (a) direct stimulation of proton transport systems, (b) indirectly by depolarization ofthe membrane potential by influx of anions or efflux of cations which in turn would facilitate H+-influx, or (c) the passive efflux of protons from the vesicles could be reduced; alternatively, (d) the proportion of inside-out vesicles capable of accumulating protons could be increased by inversion of right-side-out vesicles.
Stimulation by palmitoyl lyso-PC was seen whether KCI, choline-Cl, or KNO3 was present in the reaction medium (data not shown) indicating that the effect is not dependent on any specific cation or anion. Furthermore, electrical balance between the interior and the exterior of the membrane vesicles was obtained during the assay since the potassium ionophore valinomycin was present. The passive efflux of protons from the vesicles was followed after terminating the MgATP catalyzed reaction by chelating Mg2" with EDTA (Fig. 9A) or by depletion of ATP by addition of hexokinase and glucose (Fig. 9B) . No influence of 30 FM palmitoyl lyso-PC on the apparent passive permeability to protons could be detected (Fig. 9) . Inversion of right-side-out plasma membrane vesicles with latent ATPase activity to proton accumulating inside-out vesicles cannot explain the stimulating effect of lysophosphatidylcholine that is seen in a latency-free system (Fig. 6 ). Taken together, these results suggest that lyso-PC stimulates the active H+-influx.
Since proton accumulation is stimulated to a higher degree by lyso-PC than ATP-hydrolysis, lyso-PC may also affect other H+-transport systems that the plasma membrane H+-ATPase; more than one vanadate-sensitive ATP-hydrolyzing (Fig. 3) , ATP concentration (Fig. 4) , and pH (Fig. 5) .
CONCLUSION
This study demonstrates that long chain lyso-PC modulates the H+-transport activity in plant plasma membranes. The stimulating effect of lyso-PC appears to be in line with previous reports on the action oflysophospholipids on membrane ion-transport in animal systems. For instance, lyso-PC stimulates the rate of H+ and K+ transport across rat heavy gastric membranes by the H+-K+-ATPase (3) and the rate of Ca2+-transport exhibited by the Ca2+-ATPase of red blood cell plasma membranes (12) . Since the plasma membrane H+-ATPase might be regulated by protein kinase-mediated phosphorylation (13) , the stimulatory effect of lyso-PC could also be indirect; that is, through activation of an endogenous protein kinase that in turn activates the H+-ATPase. The action of lyso-PC indicates the importance of the lipid envi-ronment for the plasma membrane H+-ATPase. A possible explanation of the lyso-PC effect could be that alteration of the lipid environment stabilizes the H+-ATPase in a more reactive conformation (8) . Oat roots possess an enzyme that hydrolyzes PC to lyso-PC and a free fatty acid (8) . This raises the question of whether the endogenous phospholipase activity in the oat roots may be part of the system responsible for physiological modulation of proton transport across the plant plasma membrane in response to the action of growth-controlling substances.
